The time elapsed since detrital minerals were reduced to < 63 μm by weathering can be constrained by applying the comminution dating method, which is based on the (234U/238U) activity ratio and surface area properties of the detrital minerals. In order to constrain an accurate age, the detrital minerals should be isolated and non-detrital matter present must be completely removed. Here we evaluate current sample pretreatment procedures for removing non-detrital matter using uranium isotopes. The (234U/238U) activity ratio of the solid residue decreased stepwise throughout sequential extraction procedures, which is attributed to the removal of non-detrital matter. Despite the heterogeneity observed in the untreated samples, the final (234U/238U) activity ratio of solid residues from replicate experiments were within analytical error. This shows that the (234U/238U) activity ratio of the detrital minerals is consistent following removal of nondetrital matter. The addition of a complexing agent (sodium citrate) to extraction reagents decreased the readsorption of uranium, but did not affect the final (234U/238U) activity ratio. Mild HF/HCl etching experiments showed that the (234U/238U) activity ratio can be further decreased following sequential extraction. Particle-size distribution measurements revealed that the decrease in the (234U/238U) activity ratio is likely due to the dissolution of clay minerals. Mild HF/HCl etching of a rock standard also revealed a small amount of preferential leaching of 234U (< 1%). The inferred comminution ages are generally beyond the limit of the technique (1000 ka). By assuming an initial activity ratio of 0.95 to account for preferential leaching effects, the ages of samples following sequential extraction were within analytical error. Mild HF/ HCl etching following sequential extraction results in older ages, which is attributed to the further removal of clay minerals. We recommend sequential extraction followed by mild HF/HCl etching as sample pretreatment for comminution dating studies.
Introduction

75
The uranium-series (U-series) isotopes are fractionated by chemical and physical weathering, and undergo 76 radioactive decay on timescales relevant to Earth-surface processes (10 3 -10 6 a). The comminution dating 77 technique is a developing application of the U isotopes, which calculates the time elapsed since fine-grained, 78 detrital minerals were reduced to <63 μm by weathering (DePaolo et al., 2006) . This is based on the direct 79 The minimum ( 234 U/ 238 U) activity ratio should represent the optimal isolation of the detrital minerals. Any 142 subsequent increase from this minimum value would imply dissolution of the 234 U-depleted outer-rind, and/ or 143 readsorption of released 234 U (Fig. 2 ). An additional decrease in the ( 234 U/ 238 U) activity ratio following a sample 144 pre-treatment procedure suggests that the removal of non-detrital matter was not complete. 145
In this study, firstly we monitored the ( 234 U/ 238 U) activity ratio by sampling an aliquot of the solid residue 146 throughout a sequential extraction procedure. Repeat experiments were conducted to assess if the isotopic 147 composition of the detrital minerals is consistent in separate sample aliquots. Mild HF etching was carried out to 148 partially dissolve the outer-rind of the detrital minerals and determine the minimum ( 234 U/ 6 basin (Chivas et al., 2001). All samples were wet-sieved at 63 μm using deionised H 2 O. The <63 μm 159 fraction was retained, dried in an oven at 50 °C and homogenised by gentle mixing with an agate mortar and 160 pestle. Experiments were carried out with 2 g aliquots of dry, homogenised sample. An orbital shaker at 200 161 rpm was used to agitate samples for experiments at room temperature and experiments requiring higher 162 temperatures were carried out on a hotplate, and shaken manually every hour. The solid and aqueous phases 163 were separated by centrifugation at 7000 rpm for 10 minutes. The aqueous phase was removed using disposable 164
Pasteur pipettes (previously-rinsed with 2 % HNO 3 ) and retained for later analysis. After each step, the solid 165 residues were rinsed twice with 10 mL 18.2 MΩ H 2 O before collecting 100 mg aliquots for later analysis. In 166 Experiments 1, 2, and 4 the leached sediment was dried and weighed after each step to determine the mass of 167 the material removed by each step of the procedures. 168
The following operationally-defined phases are removed in the sequential extraction procedure from Tessier et 169 al. (1979) and Schultz et al. (1996) (herein referred to as Tessier's and Schultz' procedure, respectively): the 170 exchangeable fraction (F1), which refers to elements adsorbed to mineral surfaces; the acid-soluble fraction 171 (F2), which is dissolved by acidic solutions and targets carbonate minerals such as calcite and dolomite; the 172 reducible fraction (F3), which targets iron and manganese oxides, hydroxides, and oxyhydroxides, with the use 173 of a chemical reducing agent; and the oxidisable fraction (F4), which is removed by chemical or physical 174 oxidation and targets organic matter. The remaining material following the removal of these operationally-175 defined fractions is referred to as the residual fraction, which should represent the detrital minerals. The 176 reagents and conditions for each sequential extraction procedure are shown in Table 1 . 177
In Exp. 1, the soil sample was leached according to Lee (2009) , which utilises a modified version of Tessier's 178 procedure (herein referred to as 'Lee's procedure'). In comparison to Tessier's procedure, Lee's procedure 179 replaces MgCl 2 with 1 M Mg(NO 3 ) 2 for the removal of the exchangeable fraction. This is because the chloride 180 ion has been shown to remove non-detrital matter from other phases (Leleyter and Probst, 1999 In Exp. 4, the soil sample was leached using Schultz' procedure (Table 1) . In Experiments 5 and 6, we tested the 198 removal of non-detrital matter using other procedures which have been used in comminution age studies. In 199 Exp. 5, the soil sample was leached by ashing in a furnace at 550°C as recommended by Heiri et al. (2) 215 between the adsorbate (N 2 ) and the mineral surface. As N 2 has a molecular quadrupolar moment (Buckingham et 217 al., 1968) , it is energetically favourable for N 2 to adsorb on polar surfaces, such as silicate minerals, which leads 218 to a higher C constant. Adsorption onto non-polar surfaces, such as organic matter results in a lower C constant 219 (Mayer, 1994) . The C constant is also related to the extent of microporosity; a higher C constant indicates a 220 greater degree of microporosity (Hudec, 2008 U tracer was added. Samples were dissolved in a solution of 2.5 mL 32 % HF and 0.5 mL 69 % HNO 3 , 231 heated overnight at 100°C, and dried to incipient dryness. Following this, 3 mL of 32 % HCl was added and 232 where necessary, H 3 BO 3 was added to dissolve fluorides. The samples were heated overnight at 80°C and dried 233 to incipient dryness. Following this, 0.5 mL 69 % HNO 3 was added, dried at 100°C to incipient dryness and this 234 step was repeated twice. For isotopic measurements, 2 mL of 1.5 M HNO 3 was added following dissolution andof this value (0.998 ± 0.003 and 1.007 ± 0.004). The measured U concentrations were 1.70 ± 0.01 and 1.73 ± 245 0.01 ppm which are all within error of the value recommended (Wilson, 1997) . 246
For acid digestion and column chromatography, the following chemicals were used: HCl 32 % (Suprapur, 247 Merck), HF 32 % (Suprapur, Merck) and HNO 3 69 % (Suprapur, Merck). All dilutions were made using 248 18.2 MΩ H 2 O from a Milli-Q® Gradient A10® filtration system. 249
For sequential extraction solutions, U concentrations were determined by dilution and using calibration curves 250 of known concentration. The U concentrations were not determined by isotopic dilution due to difficulties in 251 separating U from sequential extraction reagents with high cation concentrations. Solutions were diluted in 2 % 252 v/v HNO 3 to ensure major ion concentrations reagents in solutions were <1 ppm, with the following dilutions 253 factors: 48600 for Mg(NO 3 ) 2 , 92000 for NaOAc/ AcOH, 14200 for NH 2 OH.HCl/AcOH, 405 for H 2 O 2 , 60600 254 for NH 4 OAc, 625 for 0.3 M HF/ 0.1 M HCl etching solutions, and 7500 for NaOCl. Concentrations were 255
analysed on an Agilent 7500 Series Inductively-Coupled Plasma Mass Spectrometer at UOW and calculated 256 quantitatively by constructing a calibrations curve using 6 standards with U concentrations ranging from 0 to 257 100 ppb. Total procedure blanks were ≤34 pg for U. 258
For X-ray diffraction measurements, samples were crushed to <4 mm with a Tollmill crusher (TEMA). The 259 samples were then mounted in aluminium holders and placed in a Phillips 1130/90 diffractometer with Spellman 260 DF3 generator set to 1 kW. They were loaded and analysed through an automatic sample holder. The 1 kW 261 energy is achieved by setting the diffractometer to 35 kV and 28.8 mA. Samples were analysed between 4 and 262 70° 2-theta at 2° per minute with a step size of 0.02. Traces were produced through a GBC 122 control system 263 and analysed using Traces, UPDSM and SIROQUANT softwares. Error was assessed by the chi-squared (χ 2 ) 264 value which compares the observed data (measured XRD spectrum) with expected data (hypothetical XRD 265 spectrum according to user-selected minerals). Particle size distributions were measured by laser diffraction 266 using a Malvern Mastersizer 2000 particle size analyser by dispersing a few mg of sample in H 2 O. Surface area 267 measurements were determined by N 2 gas adsorption using a Quantachrome iQ surface area analyser. Samples 268 were degassed for 3 h at 200 °C. The specific surface area (S BET ) was determined using 5-7 adsorption points 269 from the partial pressure (P/P 0 ) range 0.05-0.30 and adjusted for the best fit of the Multi-point BET equation 270 (R 2 > 0.9999). The fractal dimension was determined using the Neimark-Kiselev Method (Neimark, 1990 (Table 2) . 276
In Exp. 1, sequential extraction was carried out using Lee's procedure. The ( 234 U/ 238 U) activity ratio of the solid 277 residue decreased stepwise following removal of each fraction (except the acid soluble fraction), to a final value 278 of 0.939 ± 0.003. The final activity ratio of a repeat experiment was within analytical error (Fig. 3A) . A total of 279 32 ± 2 wt. % of U was extracted and the majority of U was found in the reducible and oxidisable fractions (Fig.  280   3B) . In Exp. 2, sequential extraction was carried out using Lee's procedure with sodium citrate added to each 281 reagent as a complexing agent. The ( 234 U/ 238 U) activity ratio of the solid residue decreased sequentially 282 following removal of each fraction to 0.938 ± 0.005 and the final activity ratio of a repeat experiment was 283 within analytical error (Fig 3A) . In Exp. 2, the percentage of U extracted increased by 47 %, compared to Exp. 284
1. The majority of U was extracted in the acid-soluble, reducible and oxidisable fractions (Fig. 3B) . 285
In Exp. 3, the ( 234 U/ 238 U) activity ratio decreased from 0.939 ± 0.003 following sequential extraction to a 286 minimum of 0.917 ± 0.003 after 4 h of mild HF/ HCl etching (Fig. 4A) . Mild HF/ HCl etching extracted a 287 further 6 ± 0 wt. % of U after 24 h (Fig. 4B) . In Exp. 3, the mild HF/ HCl etching procedures was also tested on 288 river and marine sediments. The minimum ( 234 U/ 238 U) activity ratio was found after sequential extraction and 2 289 h of etching for both the river and marine sediments (Fig. 4A) . Sequential extraction and 4 h of mild HF/ HCl 290 etching procedure on rock standard BCR-2 decreased the ( 234 U/ 238 U) activity ratio to 0.992 ± 0.002 (Fig. 4A) . 291
In Exp. 4, the final activity ratio following sequential extraction using Schultz' procedure was 0.927 ± 0.003, 292 which is lower than the final activity ratios in Exp. 1 and 2 (Fig. 3A) . The majority of U was extracted in the 293 oxidisable fraction (Fig. 3B) . In Exp. 5, the final activity ratio following ashing at 550°C and a 1 M Mg(NO 3 ) 2 294 rinse was 0.974 ± 0.002. In Exp. 6, the final activity ratio following single-acid extraction using 0.5 M HCl was 295 0.969 ± 0.002. In Exp. 7, additional leaching experiments were carried out sequentially following sequential 296 extraction in Exp. 1. The activity ratio decreased from 0.939 ± 0.005 to 0.936 ± 0.002 following additional 297 ashing and a Mg(NO 3 ) 2 rinse, and to 0.933 ± 0.002 following an additional NH 2 OH.HCl leach. The activity ratio 298 then remained within analytical error following single-acid extraction using 0.5 M HCl. A summary of the 299 activity ratios following experiments with the soil sample is shown in Table 3 .
Physical Analyses
301
Sequential extraction procedures resulted in a total loss of ca. 100 mg g -1 of sample (Table 4) . In each 302 experiment, the removal of the exchangeable fraction did not result in significant mass loss (< 2 mg g -1 ). In 303
Exp. 1 and 4, the majority of mass was removed in the reducible fraction and in Exp. 2, the majority of mass 304 was removed in the oxidisable fraction. The variability in the proportion of mass removed in Exp. 1 and 2 305 indicate that the removal of mass is highly variable. 306
In Exp. 1, sequential extraction decreased the relative volume of particles <10 μm and concurrently decreased 307 particles >10 μm (Fig. 5) . In contrast, in Exp. 3, mild HF/ HCl etching following sequential extraction decreased 308 the relative volume of particles <10 μm and increased particles >10 μm (Fig. 5) . 309
The mineralogy of the soil sample was determined before and after sequential extraction in Exp. 1 by X-ray 310 diffraction. The mineralogy of the <63 μm fraction of the untreated soil is mainly quartz (72 %), kaolinite 311 (11 %) with small amounts (<5 %) of illite, muscovite, zircon, magnetite, chlorite, ilmenite and rutile (χ 2 = 3.2). 312
These results are consistent with the quartzose sandstone lithology from which the soil is derived. The 313 mineralogy remained unchanged following sequential extraction in Exp. 1 (χ 2 = 8.58): quartz (74 %), and 314 kaolinite (8 %) and small amounts (<6 %) of illite, muscovite zircon, magnetite, chlorite, ilmenite and rutile. 315
The effect of sample pre-treatment on the surface area properties were tested on the soil sample (Table 5) . U) activity ratio of the solid residue (Fig. 2) . We tested this by 327 measuring the ( 234 U/ 238 U) activity ratio of the solid residue throughout sequential extraction procedures, and 328 observed the sequential decrease of the activity ratio in Experiments 1 and 2 (Fig. 3A) . X-ray diffraction 329 measurements showed that the decrease in the ( 234 U/ 238 U) activity ratio cannot be attributed to the preferential 330 dissolution of 234 U-rich clay minerals. Furthermore, particle size distribution measurements also showed that 331 there is a relative increase in particles <10 μm (Fig. 5) , which suggests that the dissolution of clay minerals is 332 minimal. The increase in particles <10 µm following sequential extraction is attributed to the break-up of large 333 suggests that this material has a similar activity ratio to the untreated soil. The extraction of U in the acid-358 soluble fraction increases over fourfold following the addition of sodium citrate to sequential extraction reagents 359 (Fig. 3B) . It should be noted that the increased extraction of U in the acid-soluble fraction could due to a greater 360 initial amount of carbonates in the soil aliquot used. This is evidenced by the higher ( 234 U/ 238 U) activity ratio 361 following removal of the exchangeable fraction in Exp. 2. However, the ( 234 U/ 238 U) activity ratio decreased in 362
Exp. 2, whereas the activity ratio remained within analytical error without the addition of sodium citrate in Exp. 363 1 (Fig. 3A) . This suggests U is readsorbed without the addition of a complexing agent. The final activity ratio 364 following sequential extraction with, and without the addition of sodium citrate were within analytical error 365 (Fig. 3A) . This suggests that U readsorbed during the removal of the acid-soluble fraction is removed later in the 366 procedure. 367 
Mild HF/ HCl etching procedure
Evaluation of other procedures
395
The effectiveness of sample pre-treatment procedures used in comminution studies was assessed using U 396 isotopes. The greatest decrease of the ( 234 U/ 238 U) activity ratio, and the highest percentage of U extracted, was 397 observed Exp. 4 using procedure from Schultz et al. (1998) . This is attributed to the increased effectiveness of 398 NaOCl for removing the oxidisable fraction in comparison to H 2 O 2 , which has also been shown elsewhere 399 (Mikutta et al., 2005) . 400
Ashing followed by a Mg(NO 3 ) 2 rinse decreased the activity ratio and appears to effectively remove the 401 oxidisable fraction (Exp. 5, Table 3 ). Lee (2009) found that removal of the oxidisable fraction using H 2 O 2 and 402 ashing were similarly effective. However, the most effective method of removing organic matter appears to be 403 using NaOCl. 404
The decrease in the ( 234 U/ 238 U) activity ratio following removal of the acid-soluble fraction using 0.5 M HCl is 405 similar to the decrease using NaOAc/ AcOH and sodium citrate. However, the decrease in the activity ratio 406 following single-acid extraction is greater than using NaOAc/AcOH without sodium citrate (Exp. 2). This is 407 further proof for the readsorption of U occurs with NaOAc/AcOH and no complexing agent. The much higher Table 5 ). This suggests that mild HF/ HCl etching initially removes low surface area material, such as 428 organic matter, which is followed by the removal of high surface area material, such as clay minerals. 429
Sequential extraction increased the C constant (Exp. 1 and 4, Table 5), which suggests that the coverage of the 430 surface of silicate minerals by organic matter is decreased (Mayer, 1994). The C constant initially decreased 431 following sequential extraction and short durations of mild HF/HCl, and then increased following a longer 432 duration of etching. This suggests that polar material and/or micropores are initially removed during and long 433 durations remove non-polar material such as organic matter. 434
The fractal dimension remained constant following sequential extraction in Exp. 1, and decreased following 435 mild HF/ HCl etching and sequential extraction in Exp. 4 (Table 5 ). Fractal behaviour in sediment is attributed Thompson, 1985) . The lack of decrease in the fractal dimension following sequential extraction indicates that 439 the removal of non-detrital matter in Exp. 1 is incomplete. Alternatively, the increased porosity available to N 2 440 following the removal of non-detrital matter could be limiting the observed decrease in the fractal dimension. 441
The decrease in the fractal dimension following mild HF/ HCl etching indicates the removal of non-detrital 442 matter and/or clay minerals. 443
Sequential extraction using the procedure from Schultz et al. (1998) leads to the highest S BET and C constant, 444 and lowest fractal dimension (Exp. 4, Table 5 ). These results indicate that this procedure represents the optimal 445 balance between preserving the surface morphology of detrital minerals, and removing non-detrital matter. 446
Calculated ages
447
The ages inferred by the comminution dating approach are strongly dependent on the surface area properties of 448 the detrital minerals. Here, we show the effect of sample pre-treatment on the calculated age using the fractal 449 direct-recoil model. The inferred ages are generally >1000 ka, which is beyond the limit of the technique (Table  450 6). However, it is unlikely that the activity ratio of the starting material is 1 due to the preferential leaching of 451 234 U (as discussed in Section 6.3). Using the activity ratio of the rock standard following sequential leaching and 452 mild HF/ HCl etching as the initial activity ratio (0.992), the ages are still beyond the limit of the technique. 453
Assuming a hypothetical initial activity ratio of 0.95 is required for the ages to become 'reasonable' i.e. following the removal of the operationally-defined, non-detrital phases. X-ray diffraction and particle size 463 distribution measurements revealed that this decrease of the activity ratio during sequential extraction is due to 464 the removal of authigenic weathering products and organic matter. These results validate the proposal by Leesolid residue (<63 µm fraction). Despite heterogeneous amounts of U in untreated soil aliquots, the activity 467 ratios of samples following replicate sequential extraction experiments are similar. This suggests that the 468 removal of non-detrital matter by sequential extraction procedures is consistent. Furthermore, this also suggests 469 that the ( 234 U/ 238 U) activity ratio of the detrital minerals is homogeneous following sequential extraction. 470
The addition of a complexing agent (sodium citrate) to the sequential extraction reagents increased the 471 percentage of U extracted in the exchangeable and acid-soluble fraction. However, this did not affect the final 472 removes non-detrital matter more effectively. Mild HF/HCl resulted in an initial increase in S BET and subsequent 496 decrease which is attributed to the removal of non-detrital matter and then clay minerals. The fractal dimension 497 also decreases following etching, which suggests further removal of non-detrital matter and clay minerals. 498
The majority of inferred ages are beyond the limit of the technique (1000 ka). Assuming an initial ( 234 U/ 238 U) 499 activity ratio of 0.95 is required for ages to be within the limit of the technique, which is much lower than the 500 234 U-depletion observed in the rock standard following mild HF/HCl etching and sequential leaching. compared to the <63 μm fraction of the untreated soil, and mild HF/ HCl etching in Exp. 3 (24 h), compared to 663 the particle-size distribution following sequential extraction in Exp. 1.
